Abstract. Abnormal storm waves cause coastal disasters along the coasts of Korean Peninsula and Japan in the East/Japan Sea (EJS) in winter, arising due to developed low pressures during the East Asia winter monsoon. The generation of these abnormal storm waves during rough sea states were studied and hindcast using an atmosphere-wave coupled modelling system. Wind waves and swell due to developed low pressures were found to be the main components of abnormal storm waves. The meteorological conditions that generate these waves are classified into three patterns based on past literature that describes historical events as well as on numerical modelling. In hindcasting the abnormal storm waves, a bogussing scheme originally designed to simulate a tropical storm in a mesoscale meteorological model was introduced into the modelling system to enhance the resolution of developed low pressures. The modelling results with a bogussing scheme showed improvements in terms of resolved low pressure, surface wind field, and wave characteristics obtained with the wind field as an input.
Introduction
The surface winds over the East/Japan Sea (EJS) vary distinctively with the seasons, blowing mild or moderate and variable in summer and very strong due to the East Asian monsoon and storms in winter. In winter atmospheric low pressures reacting with and passing through the EJS can sometimes cause abnormal storm waves on the Korean and Japanese coasts of the EJS.
Correspondence to: H. S. Lee (lee.hansoo@gmail.com) In February 2008, abnormal storm waves due to a developed atmospheric low pressure system propagating from the west off Hokkaido, Japan, to the south and southwest throughout the EJS caused extensive damage along the central coast of Japan on the EJS side and along the east coast of Korea. The accompanying high waves were mainly swells that developed with sufficient fetch over the EJS and lasted more than a day . The observed maximum wave heights and periods along the central coast of Japan are described in Table 1 , while the observed maximum wave height and peak wave period at Anmok on the central east coast of Korea were 5.5 m and 14.17 s at 11:00:00 UTC on 24 February 2008. During February of that year, the abnormal storm waves at Toyama Bay, which are called "Yorimawari Waves" in Japan, caused some of the most severe coastal damage ever induced by such conditions. Many studies have examined the generation process and prediction of abnormal storm waves in the EJS. Some of the studies have been conducted in Japan, such as those described below. According to Kitaide (1952) , the Yorimawari Waves in Toyama Bay are long-period wind waves or swell generated due to the strong north and northeasterly winds formed by a quasi-stationary developed atmospheric low-pressure area. Isozaki (1971) and Isozaki and Yoshio (1972) studied the characteristics of Yorimawari Waves and described their predictability based on meteorological observations and weather charts of past events. Yoshida et al. (1985) numerically studied an event of abnormal storm waves in the EJS using a simple spectral wave model based on an energy balance equation and showed that the wave heights were predictable to some extent, whereas the wave periods were not well coordinated with observations. Yamaguchi et al. (1994) estimated extreme wave heights including Yorimawari Waves in the EJS by statistical analysis of a number of wave hindcasting data obtained from spectral wave model simulations. In one study, Hatada and Yamaguchi (1998) suggested a method to predict the abnormal storm waves quantitatively as they propagated toward the central coast of Japan in the EJS using a precise wave ray method and a shallow water prediction model. Recently, third-generation spectral wave models have been widely used to estimate wave characteristics not only in the EJS but in other seas as well. In Korea, Choi and Joung (1979) studied abnormal storm waves that occurred in October 1976 using Wilson's method of forcing by gradient wind and showed that the significant wave heights agreed fairly well with observations, while the corresponding wave periods needed to be improved. The wind field created by an extratropical cyclone was called a twister in their study. Joung et al. (1984) studied the generation mechanism of a low-pressure system developed over the EJS on 2 January 1981 by analysing available data and using results from an adiabatic inviscid quasi-geostrophic model. To simulate meteorological conditions realistically, the authors considered required physical mechanisms such as a cold air outbreak, the topographical effects of the Korean Peninsula, and a mesoscale convective complex. Jeong et al. (2007) studied abnormal storm waves of October 2006 based on wave and wind observations and found that the abnormal storm waves were a consequence of strong wind waves that propagated over swell to the east coast of Korea at the same time. Kim and Lee (2008) also studied the same abnormally high waves of October 2006 as well as those of October 2005 using a third-generation spectral wave model, SWAN, and showed that the results from numerical simulation were not satisfactory compared to observations. One of the principal explanations proposed for their results was inaccurate wind forcing, imposed after linear interpolation of the simulation results from Regional Data Assimilation and Prediction System (RDAPS) of Korean Meteorological Agency (KMA).
Summarising the literature, abnormal storm waves in the EJS are mainly due to swells propagating from the west off Hokkaido caused by quasi-stationary developed atmospheric low pressures located to the east of or near Hokkaido, which can be categorised as an extratropical cyclone. When this swell is propagated to the coasts around the EJS, either simultaneously or consecutively accompanied by strong wind waves created by a tornado, abnormal storm waves are observed along the coasts and can cause damage or even disaster. The recent abnormal storm waves on 24 February 2008 and related coastal damage in Anmok, Korea, and in Toyama Bay, Japan, were typical of the phenomenon.
However, these previous studies lack information either on meteorological conditions or on wave fields. The meteorological conditions of a wind field of the cited papers were simply represented by interpolating the observations or coarse spatial grid data to a computing grid without considering the topographical effects, and the wave field is described without considering the bathymetric effects on propagating waves in numerical studies. According to Bertotti (2004, 2006) and Ponce de León and Guedes Soares (2008) , unlike the open ocean where wind field data are generally good, the wind field in an enclosed basin such as the Mediterranean Sea is almost always underestimated, mainly because of the orography of the surrounding land. The bias of the wind field depends on the proximity of land, and the wave fields obtained from the wind field input through a series of numerical experiments showed an average underestimate of almost 30% to 40% as compared to the recorded data. This showed the crucial importance of the wind field in wave field estimation, especially in terms of the resolution of the wind field and the effect of the surrounding land. The semi-enclosed EJS has very similar characteristics to those of the Mediterranean Sea, being surrounded by the mountainous land of Russia and the Korean Peninsula to the north and west and by the islands of Japan to the south and east. Therefore, it is indispensable to analyse the meteorological conditions through mesoscale meteorological modelling to best understand and estimate abnormal storm waves in numerical studies. More recently, Lee et al. (2008) studied the mechanisms of generation of abnormal storm waves, including Yorimawari Wave events, in the EJS in February 2008. The study was based on observations and numerical simulations using an atmosphere-wave modelling system, taking into account meteorological conditions as well as topographical and bathymetric effects in numerical studies. Mase et al. (2008) also performed forecasting and hindcasting of Yorimawari Waves in February 2008 using a mesoscale meteorological model and a third-generation spectral wave model. Moreover, Yamashita et al. (2009) studied the possibility of more intense and frequent occurrence of extratropical cyclones in La Niña (i.e., a forthcoming warm phase in terms of Pacific Decadal Oscillation) periods in the north-west Pacific, considering climate change based on historical climate indices.
Since the abnormal storm waves are a key factor not only in coastal damage and disaster, but also in the design of coastal structures, it is critical to estimate these waves accurately, taking into account the meteorological conditions and topographical and bathymetric effects. Therefore, the objectives of this study are to improve wave field estimation using an atmosphere-wave coupled modelling system by introducing a bogussing scheme to resolve the developed low pressure correctly and to study the generation mechanisms and characteristics of abnormal storm waves in the EJS in terms of meteorological conditions and numerical simulations. This paper consists of six sections, as follows: In Sect. 2, the atmosphere-wave modelling system is described briefly. In Sect. 3, the bogussing scheme and its effects on meteorological modelling in the case of abnormal storm waves in December 2003 are described. The applications of the modelling system to two additional events, in February 1991 and February 2008, are described in Sect. 4. Discussions of the bogussing scheme and meteorological conditions for the abnormal storm waves are presented in Sect. 5, which is followed by a summary and conclusions in Sect. 6.
2 Atmosphere-wave modelling system
Mesoscale meteorological model
The meteorological model in an atmosphere-wave modelling system is a three-dimensional non-hydrostatic mesoscale model, MM5, developed at Pennsylvania State University (PSU)-National Center for Atmospheric Research (NCAR). This model is based on non-hydrostatic, compressible form of governing equations in spherical and sigma coordinates with physical processes such as precipitation physics, Planetary Boundary Layer (PBL) processes and atmospheric radiation processes incorporated by a number of physics parameterisations. MM5 also considers the complex topographical effects during the calculation. For more details on MM5, refer to Grell et al. (1995) .
Wind wave model
The third generation wave model WaveWatchIII (WW3) was used in this study. The WW3 is based on the energy balance equation and simulates wave propagation through geographic, frequency and directional space. The wave refraction, diffraction and shoaling due to spatial variances in water depth and currents are considered in WW3 simulation. Wave generation by wind input (S in ), energy dissipation by whitecapping (S ds ) and bottom friction (S bot ) and non-linear wave-wave interactions (S nl ) are taken into account in the energy balance equation for source and sink terms. With the calculation of the energy balance equation in WW3, the twodimensional directional spectrum, F (k,θ ), as well as the further action density spectrum N (k,θ ) ≡ F (k,θ )/ω, can be obtained. Then, after integrating the two-dimensional spectrum over directions, an one-dimensional spectrum, F (k), can be generated, whereas total variation or wave energy, E, can be obtained by integrating over the whole spectrum. For more details of WW3 v2.22 used in this study, the interested reader is referred to Tolman (2002) . The parameterisation of wave generation by wind input using the source term package by Tolman and Chalikov (1996) is described in the following paragraph. The frequency increment factor (X ω ), first frequency (ω 0 ), number of frequencies and directions for all simulations in the wave model were set to 1.1, 0.0412 Hz, 25 and 24, respectively. How the energy is transferred from atmosphere to waves is of importance in an atmosphere-wave coupled modelling system. In WW3, the wind-wave interaction parameter, β, is introduced and approximated using the non-dimensional apparent wave frequency,ω a and drag coefficient, C λ . The surface drag coefficient and the actual wind input source term, S in , to waves are a function of the two way interactions between atmosphere and waves and are calculated by iterative computation (Chalikov and Belevich, 1993; Chalikov, 1995) .
Depression bogussing
The available global meteorological data from atmospheric general circulation models (AGCMs) are used for short-term (hours or a few days), medium-range (up to 10 days), and seasonal forecasts and also for long-term climatic purposes. Depending on the range, AGCMs are coupled to different models for waves or ocean circulation. However, extreme weather events such as tropical cyclones, typhoons, hurricanes and gales, as simulated by global AGCMs, are not appropriate for simulation of abnormal storm waves and extreme wave analysis. This is due to the coarse resolution of temporal and spatial dimensions in these models (see Table 2 ). For example, the global dataset of Japan Meteorological Agency's Grid Point Values (JMA GPV) shows only 60% to 70% of the magnitude of the observed wind speed (Fig. 5) . Therefore, we introduced a bogussing scheme to improve our estimation of meteorological conditions such as wind and pressure field, which are the main driving forces of abnormal storm waves in the EJS, by resolving the developed low pressure more accurately in a mesoscale model. The bogussing scheme was first developed to improve the numerical simulation of tropical cyclones in a mesoscale model (LowNam and Davis, 2001 ); details are in Appendix A. 
Effect of depression bogussing
As first guess, the bogussing scheme was performed on a wide range of grids in first guess to ensure that storms were completely removed from the background in the global model. If storms and vortices are not completely removed in the background data, the bogussing scheme generates a new storm or vortex wind over the background data. Therefore, there would be two or more storms and vortices in the initial state of the meteorological model run. For evaluation of the effect of a bogussing scheme on a low-pressure system, the method was applied to abnormal storm events in December 2003, which had observed maximum wave heights of about 13 m at Naoetsu and caused coastal damage along the central coast of Japan on the EJS side. For all applications in this study, high-resolution Blackadar PBL scheme (Blackadar, 1979 ), Reisner's graupel moisture scheme (Reisner et al., 1998) and Grell cumulus scheme (Grell, 1993) were used because of the grid resolutions of 27 km for domain 1 and 9 km for domain 2. Fourdimensional data assimilation (FDDA) (Stauffer and Seaman, 1990 ) was applied to the first and second domains in wind, temperature and mixing ratio fields. The other details of model configuration such as set-up of domains and initial and background data are described in their respective application subsections below.
Event in December 2003

Data
The meteorological conditions during the abnormal storm waves are shown in weather charts every twelve hours from 00:00:00 UTC 19 December to 12:00:00 UTC 20 December 2003 (Fig. 1 ). An atmospheric low-pressure system with a minimum of 1000 hPa developed near Korean Peninsula was moving towards the east over the EJS at 00:00:00 UTC 19 December. Subsequently, this low-pressure system rapidly strengthened within a day in its central pressure from 1000 hPa to 972 hPa at 00:00:00 UTC 20 December while staying east off Aomori Prefecture for more than 12 h. During this movement, another atmospheric low-pressure system of 996 hPa was developing south of Hokkaido. This weaker low-pressure system also retained its strength for more than 12 h. During this development and the quasi-stationary states of two low-pressure zones, the winds were consistently blowing southward from the north and northeast. The observed winds at Ogata Wave Observatory (OWO) of Kyoto University ranged from 18 to 22 m/s at 06:00:00 UTC 20 December 2003 (Fig. 5a ).
The bogussing scheme was applied to the two atmospheric low-pressure systems in Fig. 1 , one with the lowest central pressure of 992 hPa, the maximum tangential wind (V max ) of 30 m/s, and the maximum radii (R m ) of 90 km located in the EJS near the Aomori Prefecture, and the other with 972 hPa, 40 m/s, and 300 km located in the Pacific Ocean at 00:00:00 UTC 20 December 2003. These information of positions and estimated maximum wind speeds and pressures were obtained from the JMA weather chart. The area of background data used for the bogussing scheme was in a 22 × 22 grids range of Global Spectral Model (GSM) data, because the search radius was fixed to 400 km and the radius of maximum wind speed was 90 km due to the resolution of GSM data. The Rankine vortex was used for wind profiles of the vortices.
Numerical simulations for this study had been conducted for conditions of abnormal storm waves observed at Naoetsu Harbour, Nigata Prefecture, Japan, at 07:00:00 UTC 20 December in 2003. The recorded maximum and significant wave heights were 12.93 m and 9.24 m, respectively and the corresponding wave periods were 16.8 s and 12.9 s, respectively (Fig. 2) . The abnormal high waves were also observed at OWO; however, the observed wave heights at OWO were limited and not credible because the water depth of measurement site at OWO was 7 m within a range of surf zone in rough sea.
Model set-up
The simulations of the meteorological model were conducted by nesting two domains. The domain D1 (with 27 km grid intervals) covers the whole EJS and a part of the Pacific Ocean, including both low-pressure systems (Fig. 3) , whereas the domain D2 (with 9 km intervals) covers only the EJS and includes one of the developed lows located to the west of Aomori Prefecture. In addition, twenty-three vertical sigma layers from the surface up to 100 hPa level for both domains 2 and 3 plus 60 × 69 horizontal grids for domain 2 were set up for MM5 simulation with a 60 s time step. Computation of MM5 was carried out for six days from 00:00:00 UTC 17 to 00:00:00 UTC 23 December in 2003 with Real-time Global sea surface temperature (RTG SST) data (Gemmill et al., 2007) .
Numerical simulations of wave model were performed for the two domains corresponding to those of MM5 with water depth taken from a general bathymetric chart of the oceans (Monahan, 2008) for domain 1 and 1 min regional digital bathymetry (Choi et al., 2002) for domain 2. The lateral and surface boundary conditions for the meteorological model were imposed every six hours from the GSM of JMA GPV dataset (Table 2) . Three numerical computations were made under various conditions as shown in Table 3 . Figure 4 shows the sea level pressure distribution of GSM data and simulation results of three simulation cases. The two atmospheric lows of GSM data were resolved, but somewhat weaker than those in the JMA weather chart. The result of the D1 case did not show good resolution for the two lows, whereas with the bogussing scheme applied, the D1-TB and D2-TB cases yielded better results for sea level pressure distribution, resolving the area of low pressure well. The observed time-series data of wind speed at 10 m above sea surface at OWO and computed time-series data of three simulation cases at Naoetsu are compared in Fig. 5a . The observed and computed time-series data of significant wave heights at Naoetsu and P1 (see Fig. 3 for the location of P1) are shown in Fig. 5b and c, respectively. Comparison of the significant wave periods between observed and computed values is presented in Fig. 5d . The simulation results in Fig. 5b to d show that the bogussing scheme obviously intensifies the maximum wind speed, hence also the significant wave height. The peaks of wind speed, wave height and wave period were improved after applying the bogussing scheme wind speed at Naoetsu, (b) observed (JMA) and computed (D1, D1-TB, D2-TB cases) significant wave heights 6 at Naoetsu, (c) observed (JMA) and computed (D1, D1-TB, D2-TB cases) significant wave heights at P1 (see 7 U 10 wind speed at OWO and computed (D1, D1-TB, D2-TB cases) wind speed at Naoetsu, (b) observed (JMA) and computed (D1, D1-TB, D2-TB cases) significant wave heights at Naoetsu, (c) observed (JMA) and computed (D1, D1-TB, D2-TB cases) significant wave heights at P1 (see Fig. 4 for its location), and (d) observed (JMA) and computed (D1, D1-TB, D2-TB cases) significant wave periods at Naoetsu. Fig. 4 are higher than the GSM data and D1 case, and they reproduce the changes of wind speed patterns as shown in Fig. 5a . The significant wave height at Naoetsu was somewhat underestimated in all the cases. The best agreement among them is provided by the D2-TB case. In Fig. 5b and c, when compared to the other cases, the significant wave heights of the D1 case show a time delay of about six hours.
Simulation results
The simulation results of the D1 case using GSM data in Fig. 5b to d show that neither the reproduction of the wind fields nor the hindcasting of abnormal storm waves using the modelled wind data were accurate. This is primarily due to the coarse spatial and temporal resolution of the global background data.
Hindcasts of abnormal storm waves
Two additional simulations of abnormal storm waves, in February 1991 and February 2008, were performed to investigate the generation process and the characteristics of abnormal storm waves in the EJS. The two events caused coastal damage along the east coast of Korea and the central coast of Japan in the EJS. These two events were selected because the abnormal storm waves in February 2008 caused some of the most severe coastal damage ever recorded, and fairly good observations were made during the event, whereas the waves in February 1991 caused less coastal damage, although higher values of wave characteristics were observed than in the 2008 event. The observed data, model configuration and the results are described in the following subsections. 
Event in February 1991
Data
The meteorological conditions during the abnormal storm waves in February 1991 are presented in Fig. 6 . An area of low pressure was well developed to the west of Kyushu, Japan, in the East China Sea at 00:00:00 UTC 14 February 1991 and moved slowly eastward. While the low pressure area was moving eastward, another low-pressure system developed very nearby, and the two systems strengthened, with a central pressure dropping to 990 hPa and 988 hPa, respectively, at 12:00:00 UTC 15 February 1991. Then the two low-pressure systems merged into one developed lowpressure system while moving northeast over Honshu, Japan. When the low-pressure system approached the area east of Aomori, it kept its quasi-stationary state and strengthened continuously as its central pressure dropped to 960 hPa at 00:00:00 UTC 17 February 1991. Figure 7 shows the computational domains for the meteorological and wave models. A four-level nesting was performed throughout the simulations with grid intervals of 36 km, 12 km, 4 km, and 1.333 km for each domain both in atmosphere and in wave modelling. The largest domain covers the entire Korean Peninsula, Japan, the EJS, and parts of the north-west Pacific Ocean, allowing correct simulation of the large-scale meteorological features while reducing the boundary effects on the focus area. In the case of the event of February 1991, simulations were performed with three different background conditions from the freely available global dataset to investigate the characteristics of the dataset. The three simulations were performed and the datasets used for background data for meteorological model were the ECMWF 40 Year Re-analysis (ERA40), the Japanese 25-year Reanalysis (JRA-25), and the National Centers for Environmental Prediction (NCEP) NCAR datasets (Table 2) . FDDA was applied to the first domain in the wind, temperature and mixing ratio fields every six hours with the corresponding background data for all simulations. The duration of the simulation was six days from 00:00:00 UTC 13 to 00:00:00 UTC 19 February 1991. The water depths for wave modelling were taken from a general bathymetric chart of the oceans (Monahan, 2008) for domain 1, 1 min regional digital bathymetry (Choi et al., 2002) for domain 2 and Japan Oceanographic Data Center (JODC) bathymetry for domains 3 and 4.
Model set-up
Simulation results
The calculated wind fields using the JRA-25 dataset for initial and boundary conditions every twelve hours from 09:00:00 UTC 15 February to 21:00:00 UTC 16 February 1991 are shown in Fig. 8 . The low pressure generated off west Kyushu was located west of Honshu, Japan, and was moving to the northeast at 09:00:00 UTC 15 February 1991. The low pressure continued to move northeast and was positioned east of Aomori with strong winds over the EJS at 09:00:00 UTC 16 February 1991, as shown in Fig. 8 . While the developed low pressure maintained a quasi-stationary state east of Aomori, starting from noon of 16 February the strong winds of about 20 m/s in the north and northeast direction continued for more than a day. These wind field results agreed well with the weather charts during the simulations.
The spatial distributions of calculated maximum significant wave heights using the JRA-25 dataset for initial and boundary conditions are presented during the simulation period from all domains in Fig. 9 . The growth of surface waves in the EJS is rather limited since it is a semi-enclosed water mass; this is indicated in the results from domains 1 and 2. The contour of 5 m significant wave height extended to the east coast of Korea. The barrier effect of Sado Island and the bathymetric effects at Toyama Bay can also be seen in the spatial distributions of significant wave heights of domains 3 and 4. Calculated significant wave heights and periods using the ERA40, JRA-25, and NCEP NCAR datasets at Fushiki Toyama, Naoetsu, Wajima, and Sakata are presented at Fig. 10 . The calculated results at Wajima and Sakata only are compared with the available observations. From all locations, the results using the ERA40 dataset showed the largest values for significant wave periods with sharp increase, while the results using the JRA-25 dataset depicted rather small values for wave periods with mild gradients. The results with the JRA-25 dataset also show the smallest values for significant wave heights at all locations. At Wajima and Sakata, the results in wave periods using the JRA-25 dataset showed better agreement with the observations than the other results. In significant wave heights, the results with JRA-25 showed better agreement with the observations than the other results at Sakata, while those at Wajima were somewhat underestimated during the peak of observed significant wave heights from 04:00:00 UTC 16 to 04:00:00 UTC 17 February 1991 compared to the observations.
Event in February 2008
Data
The weather charts showing the meteorological conditions from 12:00:00 UTC 22 February to 00:00:00 UTC 24 February 2008 are presented in Fig. 11 . The figure shows that a low-pressure system was generated west of the Korean Peninsula over the Yellow Sea at 06:00:00 UTC 22 February and moved rapidly toward the east at 12:00:00 UTC 22 February. Afterwards, it continued to move eastward slowly over the EJS, strengthening in central pressure from 1008 hPa to 992 hPa within 12 h. For a day, from 00:00:00 UTC 23 February to 00:00:00 UTC 24 February, the system stayed near Hokkaido and strengthened further. Another low-pressure system also developed southeast of Honshu and moved northeastward until it neared the other low-pressure system. Due to these meteorological conditions, westerly and northwesterly winds were dominant during the slow movement of low pressure over the EJS on 22 February while strong north and northeasterly winds of around 20 m/s were blowing dominantly on 23 and 24 February. The observed winds from JMA Automated Meteorological Data Acquisition System (AMEDAS) at Washizaki, Sado Island, were 18 m/s in a northwest direction at 13:30:00 UTC 23 February and 20 m/s in the same direction at 20:40:00 UTC 23 February. The observed wind at Fushiki, Toyama, was 7.6 m/s in the northwest direction and 6 m/s in the north direction at 12:00:00 UTC 23 February and at 09:00:00 UTC 24 February, respectively. Therefore, we determined that the high waves that caused the coastal damage in Toyama Bay were not under the influence of strong winds.
The observed wave characteristics are presented in Table 1. The maximum values of wave height and period at Naoetsu were observed at 10:00:00 UTC 23 February, whereas those at Toyama, Fushiki Toyama, and Wajima were observed in the afternoon on 24 February. Moreover, the observed maximum value of wave period at Naoetsu was smaller than the others. From the meteorological conditions and wave observations, it can be determined that the peak values of the wave characteristics at Naoetsu were due to high waves caused by the slowly moving low pressure through the EJS, while the values at the other locations were due to the swell caused by the quasi-stationary low-pressure systems east of Hokkaido. Sado Island also played a role as a barrier against the swell that was propagating towards Naoetsu. The observed maximum values of wave height and wave period at Anmok in the central east coast of Korea were 5.5 m and 14.17 s at 11:00:00 UTC 24 February 2008. These waves were also due to the swell caused by the quasistationary low-pressure systems. Figure 7 shows the computational domains for the meteorological and wave models. Four level nesting was performed throughout the simulations with grid intervals of 36 km, 12 km, 4 km, and 1.333 km for each domain. The domains 1, 2, J3 and J4 were the same as the domains used in the simulation for February 1991, with domains 1 and 2 covering the EJS and parts of the northwest Pacific Ocean. In this case, two more domains were added to the case of 1991 to cover the east coast of Korea including Anmok, Gangwon-do (Fig. 7) , where abnormal storm waves were observed. The simulation was carried out over a period of 78 h from 00:00:00 UTC 22 February to 06:00:00 UTC 25 February 2008. The initial condition and lateral and surface boundary conditions for the meteorological model were imposed every six hours from NCEP FNL (Final) Operational Global Analysis data (Table 2) . FDDA was also applied to the first domain in wind, temperature and mixing ratio fields every six hours with NCEP FNL data. The water depths of wave modelling for domains 1, 2, J3, and J4 were the same as those of the 1991 case, while the water depths for domain K3 and K4 were taken from the 1 min regional digital bathymetry (Choi et al., 2002) .
Model set-up
Simulation results
The calculated wind vectors from domain 2 were recorded every six hours from 21:00:00 UTC 22 February to 15:00:00 UTC 23 February 2008 are shown in Fig. 12 . Counterclockwise wind vectors are clearly presented in the figure at 21:00:00 UTC 22 and 03:00:00 UTC 23 February as the low-pressure area moved eastward. The winds strengthened as the low pressure neared Aomori and joined the other developed low pressure. After the low pressure passed over the EJS, the strong north and northwesterly winds were predominant; these calculated wind patterns agree well with the weather charts in Fig. 11 . The calculated wind speeds and directions were compared with observations at Matsue, Niigata, Sakata, and Akita from JMA AMEDAS (see Fig. 7 for their locations). These four stations are located along the Japanese coast on the EJS side. The calculated wind speeds and directions showed good accordance with the observations, while the estimated wind speed at Niigata was a bit higher than the observation (see Fig. 13 ).
The results in Fig. 14 are similar to those shown in Fig. 9 in terms of characteristics of surface wave growth in the EJS from domains 1 and 2 and the barrier effect of Sado Island and the bathymetric effects at Toyama Bay from domains 3 and 4.
The comparisons of significant wave height and period at Wajima, Sakata, Naoetsu, and Fushiki Toyama are shown in Fig. 15 . The simulation results show good agreement with observations. The stations facing the EJS in the west or northwest direction such as Wajima, Sakata, and Naoetsu were under the influence of developed wind waves from the west or northwest direction due to the moving low pressure and swell from the north and northeast due to the sequential quasi-stationary low-pressure systems occurring from around noontime on 23 February. The Fushiki Toyama station was affected only by the swell propagated from north and northeast direction due to the Noto Peninsula (Fig. 7) .
The simulation results at Anmok, Korea, show good agreement with observations of significant wave height, as shown in Fig. 16 . However, the corresponding wave period was somewhat underestimated in the simulation. Due to the movement of the low-pressure area eastward from the Korean Peninsula, Anmok station was under the influence of developed wind waves beginning early in the morning on 23 February, and these high waves continued for more than two days due to the ensuing swell after the developed wind waves.
In Figs. 17 and 18 , the two-dimensional wave spectra at Fushiki Toyama and Anmok are presented for 6-h and 12-h periods respectively during the simulation. Wave energy has a wide range of frequencies and directions, whereas swell energy is distributed over a narrow range of frequencies and directions. It is important to note that wave direction is shown in terms of propagating away from the grid point; in other words, it propagates toward the edge of the plot, following the oceanographic convention, which is contrary to the atmospheric convention for wind direction.
In Fig. 17 , at 05:00:00 UTC 23 February, the relatively young wind waves with a period of 4 to 5 s dominate due to the slow-moving low pressure from the north to northeast direction. Then a relatively young swell appeared that was moving in the north-east-north direction at 11:00:00 UTC 23 February, but the wind waves were still dominant in wave energy. Six hours later, the swell was more developed and became dominant, but still the wind waves coexisted with the swell at 17:00:00 UTC 23 February. The double-peaked frequency spectrum in the northeast direction became a onepeak spectrum with a dominant swell in the northeast at 23:00:00 UTC 23 February, and the energy of wind waves disappeared. Subsequently, the wave energy in a narrow frequency band in the northeast direction caused by the developed swell from the quasi-stationary low-pressure systems occupied the spectral plots, even though the winds became weak in a different direction from 07:00:00 UTC 24 February at Fushiki Toyama, as shown in Fig. 17. At Anmok, Korea, the wave energy group in the top right at 21:00:00 UTC 22 February due to wind waves caused by moving the dominating low pressure, and the dominant period was about 7 to 8 s. Then the wind waves became more developed with a dominant period of around 10 s, showing the wave energy in a wide range of frequency and direction until 21:00:00 UTC 23 February. The dominant wave energy, then, became narrow in frequency at 09:00:00 UTC 24 February due to the incoming swell, even though the wave energy still varied in direction due to the open location of a wave measurement instrument at Anmok. When the local wind was very weak, the high wave energy due to the swell existed in the northeast direction, showing that the dominant wave energy became narrow in both frequency and direction at 21:00:00 UTC 24 February. Because the wave periods were somewhat underestimated in simulation at Anmok, the frequency spectrum from observed data is expected to be more centre-biased than the calculated one.
Discussion
Since the main reason for abnormal storm waves in the EJS is the wind field input due to low pressures in winter, we classified three patterns of meteorological conditions for the generation process based on the literature reviews mentioned in Sect. 1, which dealt with various events of abnormal storm waves in the EJS and the numerical simulations performed in this study.
First, an area of low pressure developed over the continent of East Asia or near the Korean Peninsula strengthens while moving toward the east over the EJS, and then it becomes a quasi-stationary low-pressure system east of or near Hokkaido, Japan. Under this condition, the wind waves caused by the moving low pressure are followed by the swell resulting from the quasi-stationary state of the low pressure. The abnormal storm waves in December 2003 and February 2008 were examples of this pattern.
Second, an area of low pressure develops in East China Sea or south of Honshu, the main island of Japan, moves northeast or north to near Hokkaido, and then becomes a quasi-stationary low-pressure system causing the swell in the EJS. The abnormal storm waves in February 1991 were an example of this second pattern.
Third, a low-pressure system generated over the continent of East Asia or near the Korean Peninsula moves southeastward over the EJS and the Japanese islands or becomes weak and disappears in the EJS. The abnormal storm waves in October 2006 were in this third category (see Fig. 19 for meteorological conditions of a slowly moving low pressure toward the southeast). In this kind of meteorological pattern, the east coast of Korea is under the strong influence of wind waves. Kim and Lee (2008) reported details of the event in October 2006.
In any of the conditions above, it is important to note that there was another second low-pressure system that was generated and developed in the Pacific Ocean. This second lowpressure system caused the quasi-stationary state of the lowpressure system from the EJS by somehow blocking eastward movement as a part of the wintertime meteorological conditions over East Asia and the northwest Pacific. Therefore, it is desirable to consider all these meteorological conditions in meteorological modelling to account for the external forces on surface waves in wave modelling. The moving speed of low-pressure systems and the sea surface temperature are also important factors that decide the intensity of wind fields caused by low pressure, similar to storm waves created by tropical cyclones. Table 4 shows the classification of past events based on the above three patterns of meteorological conditions. The term "Unknown" in the pattern column indicates that no data is available to determine the pattern, while the mark, * , indicate a guess based on available data in Table 4 .
Although the bogussing scheme is a very effective method to resolve and describe the developed low-pressure systems in this study, care should be taken when applying it to a low-pressure system. Because the horizontal wind profile in the bogussing scheme is produced by the Rankine vortex, the radii of maximum wind (R m ) and maximum wind speed (V max ) are essential information to include on the vortex wind profile (see Eq. A2). However, the R m is not normally available even for low-pressure systems on weather charts. Therefore, this information is assumed based on available information of tropical storms of a similar scale. Moreover, due to the grid intervals of the computational domains of the meteorological model, the R m is inevitably pre-determined. Hence, it is difficult to apply these data in wave forecasting.
Summary and conclusions
In this study we described the results of long-term continuous researches on the abnormal storm waves caused by developed low pressures evolving and moving over the EJS in winter. It focuses on the generation process and hindcast based on literature review and numerical modelling using an atmosphere-wave modelling system. The simulations were performed for three recorded events of abnormal storm waves in the order of the events in 2003 , 1991 the case of 2003 event, one of the objectives of the study was to evaluate the applicability of bogussing scheme to extratropical cyclones with available GSM data in addition to the investigation of the generation process of abnormal storm waves. In the case of 1991, the objective was to compare the freely available dataset (ECMWF ERA40, NCEP NCAR data, and JMA JRA-25) for wave modelling in addition to the original purpose. NCEP FNL dataset is not available for the year of 1991. In the case of 2008, the NCEP FNL dataset was chosen for the simulation of the abnormal storm waves. The performance of the numerical simulations of a meteorological model when using a bogussing scheme was improved for both the resolved low-pressure system and surface wind field (U 10 ) in the events of December 2003 with respect to those from the GSM of JMA GPV and the model run without a bogussing scheme. The abnormal storm waves recorded at Naoetsu Harbour and OWO on 20 December in 2003 were reproduced by the modelling system, deriving simulation results that were close to the observed values of a significant wave height of 9.24 m and significant wave period of 12.9 s.
In addition to the bogussing scheme to improve meteorological modelling, three kinds of available global datasets, ERA40, JRA-25, and NCEP NCAR, were used for background data of the meteorological model to investigate the characteristics and effect of the grid resolution of the dataset. In comparison with available wave observations at Wajima and Sakata, Japan, the results with JRA-25 showed closer agreement with observations. The grid resolution of JRA-25 (1.25 deg) may be the main reason for the results, since the horizontal wind profile by the bogussing scheme is somewhat pre-determined by the grid resolution of background data and computational domains. In the case of the February 2008 event, the calculated wind and wave field were compared with observations and showed good agreement. The swell components in surface waves were clearly identified from wave spectral plots at Anmok and Fushiki Toyama.
The meteorological conditions that cause abnormal storm waves in the EJS are classified into three patterns based on the literature of historical events and numerical modelling. The speed and track of a low-pressure system and the interaction with another pressure system in the East Asia and north Pacific regions are the main factors in the classification, although some important physical parameters are not considered in this study.
In air-sea interaction, the transfer of heat, mass and momentum between air and sea depends on conditions such as sea surface temperature, the temperature difference between air and underlying sea, and wind waves. In particular, the wind waves are considered the most important factor in understanding air-sea interaction. Although air-sea interaction has been a subject of discussion for a long time, the most useful observations covering all wind regimes from weak and mild to very strong ones under tropical cyclones have only recently become available (Edson et al., 2007) . In a lowwind regime, turbulence and turbulent mixing have low intensity in the marine atmospheric boundary layer. The surface wave modulation is clearly observable in wind velocities, static pressure and humidity. In moderate winds, turbulence has the dominant influence on water vapour and flow velocities, while the pressure field is organised and coherent with the waves (Hristov, 2005) . In high winds such as in tropical cyclones, the interaction processes are influenced by sea spray, spume and air flow separation due to breaking of surface waves (Doyle, 2002) . The effect of waves on ocean surface currents and the ocean mixed layer is also a complex phenomenon in air-sea interaction. These effects of surface waves on the marine atmospheric boundary layer, however, are not considered in the atmosphere-wave coupled modelling system in this study and remain a subject and a guide for further study.
Both hindcasting of abnormal storm waves in the EJS and forecasting of wave fields using the atmosphere-wave modelling system are crucial for determining the design of coastal structures and for preventing coastal damage and disaster. 
